[DOI: 10.1299/mel. The experiments by Miller et al. (Miller et al., 1964) regarding a bioreactor with the Taylor vortex flow indicated that the rate of photosynthesis increases with an increasing rotor speed. Also, Kliphuis et al. (Kliphuis et al., 2010) investigated the effects of the density of algae in the Taylor vortex flows on productivity. Also, it has been confirmed by Kawai (Kawai, 2010 ) that cell death is negligible in the range below the Reynold number based on the gap, d, between cylinders of Re = 30000, where the flow field was also measured by an ultrasonic Doppler velocity profiler. However, to the knowledge of the authors, the effects of behaviors of the bubbles of aeration on the growth of the algae have not yet been sufficiently clarified.
In this paper, the effects of adding fins on the inner cylinder on the flow and bubbles in the above-mentioned bioreactor with the Taylor vortex flow are mainly investigated, and the position of the inlet for the aeration is also changed, where the floating speed of the bubbles is varied. Moreover, the effects of those fins and the way of aeration on the growth of the cyanobacteria are investigated, and the relationship between the behaviors of bubbles and the growth of the algae is discussed.
Methodologies 2.1 Bioreactor
The bioreactor shown in Fig. 1 was used, where the outer cylinder is made of transparent acrylic in order to measure the flow field and behavior of the bubbles by a high-speed camera. Also, the outer cylinder, which was made of thermally resistant polycarbonate, was used for the cultivation because sterilization at a high temperature is necessary before main cultivation.
As shown in Table 1 , the radius of the inner cylinder is R i = 50 mm and that of the outer cylinder is R o = 75 mm. The aspect ratio of the height of the suspensions, H, to the gap between cylinders, d, is Γ = 3.0. The condition of the upper boundary of suspension is a free surface. The rotation speed was adjusted to set the Reynolds number based on the rotation speed of the inner cylinder, U 0 , and the gap between the cylinders to be Re ≡ U 0 d/ν = 4000 and Taylor Pa·s, density: ρ = 0.997×10 3 kg/m 3 ) based on a water at 25 ºC. According to the direct numerical simulation (He et al., 2007) , the fine coherent turbulent vortices occur in the Taylor vortex flow at Re > 3000. The present flow is estimated to be a weakly turbulent flow. To clarify the effects of the rotation, experiments without rotation (Re = 0) were also performed. Two inner cylinders with different shapes were used. One is a simple circular cylinder, while the other is a cylinder with two spiral fins as shown in the middle figure of Fig. 1 . The spiral fins have a square cross-section with a side of t = 5 mm, and are attached at an angle of θ = 45º to the cylinder. In the present paper, the inner cylinder is rotating in a counter-clockwise direction as viewed from above. With attaching the spiral fins, the flow in the region close to the fins is pushed up.
The position of the inlet of the aeration was varied between r/d = 0.2 -0.8, where r denotes the radial distance from the inner cylinder as shown in Fig.1 . By varying the position, the path and floating speed of the bubbles change.
Experimental methods of cultivation
We used cyanobacterium Synechocystis sp. PCC 6803 for cultivation, (Fig. 2) , which is one of the most popular cyanobacterium for metabolic engineering studies based on genome information (Kaneko et al., 1996) . We used a BG-11 liquid medium (Rippka, 1988) and the bioreactor, which were sterilized using an autoclave unit (ES-315, TOMY SEIKO CO., LTD.). Cyanobacteria cells were pre-cultivated until the suspension became visibly blue-green in 50 ml of BG-11 medium in a glass tube bubbled with air containing 1 % (v/v) CO 2 at 30 ºC. 30 ml of pre-cultivated cells was transferred to 720 ml of new BG-11 medium in the bioreactor and the main cultivation started in the same air and temperature conditions. The light was irradiated from one side of the reactor with an intensity of 20 μE m −2 s −1 , which was supplied by two white fluorescent lamps (FL20SW, NEC). The flow rate of the air is about 20 bubbles per 5 seconds. This amount of aeration was empirically determined, and is also sufficient for the development of the algae. However, to clarify the optimal cultivation conditions, the effects of the amount of aeration on the growth rate also have to be investigated in the future work.
To evaluate the growth rate of cyanobacteria, 1 ml of the cell suspension in the reactor was sampled every 24 hours. Then, the cyanobacterial cells were precipitated by centrifugation and the culture medium was removed. 1 ml of methanol was added to the cells and cells were vigorously mixed to extract the chlorophylla, which is the major light-harvesting pigment of cyanobacteria. Then once again the cells were precipitated by centrifugation. The amount of chlorophylla in the supernatant was measured by the absorbance at a wavelength of 665 nm using a spectral photometer (V-650, JASCO Corporation).
The development of the cyanobacteria in the case with fins (Re = 4000, r/d = 0.5) is shown in the right figure of Fig.2 as an example. The time variation of the concentration of chlorophyll was fitted by a logistic equation (Verhulst, 1838) as shown in Eq. (1), where the variation is represented by the S-shaped curve and the gradient of the curve presents the growth rate of living things (Vadasz et al., 2001) . The slope at the inflection point is evaluated as the growth rate in the present paper.
Measurement of flow fields and behaviors of bubbles
To clarify the effects of the flow fields in the bioreactor on the growth rate, Particle Image Velocimetry (PIV) was performed as shown in Fig.3 . To suppress the refraction of the laser sheet, the bioreactor was placed in a water tank, where a semiconductor laser (Diode-pumped solid-state laser, 532nm) and a high-speed camera (FASTCAM-512PCI 2K, PHOTRON LIMITED) were used. The light from the laser becomes a laser sheet by a cylindrical lens (smc PENTAX-FA 50 mm F2.8 Macro, RICOH IMAGING COMPANY, LTD). The thickness of the laser sheet was 1 mm.
The image captured by the camera has a size of 512 pixels × 512 pixels, and the resolution estimated using the calibration plate was 0.164 mm/pixel. The exposed time and frame rate of the camera are 16 sec and 500 Hz, respectively. This frame rate was adjusted so as not to make the particles go out of the laser sheet. To perform the analysis of PIV, a cross-correlation function was computed with an interrogation region of 16 pixels × 16 pixels.
The diameter of the bubbles and time taken for the floating of the bubbles from the lower wall to the upper surface Yokoyama, Hirose and Iida, Mechanical Engineering Letters, Vol.2 (2016) [DOI: 10.1299/mel. of the suspension were also measured by the same high-speed camera. For each case, ten tests were performed and the values were averaged. The bubbles are deformed and sometimes become flattened during the floating, although breakup or coalescence does not occur. The diameter of bubbles was measured when the shape of the bubbles become close to a sphere and the number mean diameter for ten tests was clarified to be D = 4.7 mm for the diameter of the inlet of the aeration of 3mm. Also, the diameter of the inlet of the aeration was preliminarily changed from 1 mm to 5 mm, and the time taken for the floating was measured. As a result, the floating for 3 mm was the longest and considered to be best for a solution of CO 2 bubbles into the suspension. Therefore, the results of the inlet of 3mm (D = 4.7 mm) are discussed in the present paper.
Numerical methodologies
To preliminarily evaluate the effects of the position of the inlet for aeration from the inner cylinder, numerical flow simulations (FrontFlow/blue ver.7.2) and a tracking of the bubbles were performed. To reduce the computational cost, Large Eddy Simulations (LESs) were performed for the flow simulations, where the governing equations for an incompressible flow are spatially filtered continuity and Navier-Stokes equations. The dynamic Smagorinsky model (Germano, 1991) with modification by Lilly (Lilly, 1992 ) was used to account for the effects of subgrid-scale (SGS) stresses. With respect to time integration, an implicit Crank-Nicoloson scheme was used. The spatial discretization is based on the Finite Element Method (FEM). The implemented algorithms have second-order accuracy both in time and space. The Fractional-Step (FS) method was employed to solve the pressure equation. It has been clarified that turbulent flows are successfully captured by this code (Guo et al., 2006) .
In the present flow simulations, the hexahedral grids were used, where the numbers of grid points in radial and circumferential directions are 51 and 320 points, respectively, except in the region of the fins. The number in the height direction is 151 points. Also, 15 and 11 grid points are used for the breadth and thickness for the cross-section of the fins. Total grid numbers are 2.3 and 2.8 million for the cases with and without fins, respectively. The simulations were conducted in the rotating system, where non-slip conditions are adopted on the inner cylinder and the other boundaries including the surface at the top are moving walls. In the post-process, the predicted flow field was converted to the inertial system. Although the correct prediction of the effects of free surface at the top on the flow is a future work, the occurrence of a large-scale vortex in the case with the fins on the inner cylinder is correctly captured in this simulation as discussed in subsection 3.1.
The tracking of the bubbles were also computed by using the flow field predicted by the above-mentioned methods. Referring to the literatures (Ushijima, 2004, and Akiyama et al., 2012) , the following Eq. (2) was used, where the Cartesian system is used and the z direction is oriented against the direction of the gravity. , 6
where F A , F B , F D and F L mean additive mass, buoyancy, drag and lift forces, respectively. Also, ρ D and u D are the density and velocity of the bubbles. The additive mass was used with coefficient C M of 0.5, referring to Magnaudet et al. (Magnaudet et al., 1995) . To compute the drag forces, the drag coefficient of sphere, C D , was estimated referring to the literature (Clift et al., 2005) . In this tracking, one bubble was taken into consideration because the coalescence of bubbles was not observed in the experiments. However, the effects of the wake of one bubble on another bubble are possibly important, and the investigation of these effects is also a future work. Also, to confirm the validity of the tracking methodology, the experiments of falling of an iron ball in silicon oil and corresponding tracking simulations were preliminarily performed. As a result, it was presented that the track of the ball was correctly predicted by the present method. Figure 4 shows the measured and predicted flow fields with and without a fin. In the measurement, the flow close to the outer cylinder was difficult to measure by the refraction of the laser sheet. As shown in the figure, the upward velocity occurs near the inner cylinder and the downward velocity occurs near the outer cylinder in the case with the fins. The predicted upward and downward velocity was relatively smaller than those measured. The reason of this difference is possibly the lack of resolution of the computational grid or the treatment of the upper free surface. However, the present computational results successfully predict the occurrence of a large-scale vortex in the annular gap of the cylinders, which was also observed in the measured results. Therefore, it has been concluded that it is possible to preliminarily evaluate the behaviors of the bubbles. Figure 4 shows that three vortices occur in the case without the fins where the inner cylinder abruptly starts rotating at the determined speed. Because the way of the acceleration of the inner cylinder possibly affects the number of the vortices (Nakamura et al., 1988) , the investigation of those effects is a future work,.
Results

Relationship between position of aeration and time for floating of bubbles
The left figure of Fig. 4 shows the contours of vertical velocity and iso-surfaces of ∆p in an instantaneous flow field. This figure shows that vortices are shed from the leading and trailing edges of the fins. Also the region of the upward velocity appears in the wake of the fins. This upward velocity contributes to the occurrence of the above-mentioned large-scale vortex. Figure 5 shows the predicted and measured effects of the position of the aeration on the time taken for the floating of bubbles from the lower wall to the upper surface, T, in the bioreactor with the fins, where the floating times for the position of aeration with different circumferential angles from the position of the fins were averaged 10 times and the bars represent these maximum and minimum values in the predicted results. As shown in this figure, the time varies by the angle of the position of aeration from the fin. The difference between the predicted and measured results becomes larger at a position close to the inner and outer cylinders. In the experiments, when the position of the aeration is close to the cylinders, the sphere was sometimes deformed by the walls of the cylinders, while the bubbles were assumed to be a sphere in the computation. This is possibly one of the reasons for the difference between the predicted and measured results. Also, in both the predicted and measured results, the time increases for the position of aeration closer to the outer cylinder. This is because the downward velocity close to the outer cylinder as mentioned above makes the floating of the bubbles slow down. In the present experiment, the breakup or coalescence of the bubbles does not occur. Also, trapping phenomena observed in the literatures (Climent et al., 2007, and Atkhen et al., 2000) was not observed in the present experiment. The effects of the accumulation are possibly smaller with respect to the buoyancy effects because the diameter of the bubbles of D = 4.7 mm is larger than those of the literatures, where the mean floating velocity ≈ 0.25 m/s is higher than the rotating speed of about 0.14 m/s. However, the trapping effects become important when the smaller bubbles are introduced at a higher Reynolds number.
Effects of rotation and fins of an inner cylinder.
As shown in Fig. 4 , three vortical structures are induced in the annular gap for the case without fins. This result also agrees with the measured result by Nakamura et al. (Nakamura et al., 1988) . Meanwhile, the one large-scale vortical structure is induced in the case with fins. This is because the spiral fins push up the fluid in the region close to the inner cylinder and upward velocity is reinforced.
The right figure of Fig. 5 also shows the measured times taken for floating of bubbles for the cases with and without fins (Re = 4000), where the time for the case without rotation (Re = 0) is also shown. As shown in this figure, the time becomes longer by rotating the inner cylinder. The longer time means that CO 2 in the aeration is dissolved more into the suspension and the algae have a greater opportunity to absorb CO 2 . Also, the figure shows that the fins make the time much longer particularly at r/d = 0.8 (position close to the outer cylinder). This is because the large-scale vortex induces the downward velocity in the region close to the outer cylinder as mentioned before.
Moreover, it has been confirmed by numerical simulations that the maximum shear stress was only increased 8 % by the fins and that the effects of the fins on cell death are considered to be small. Therefore, attaching fins was considered to be an efficient method for cultivation. In the next subsection, the results of cultivation are shown.
Results of cultivation
The left figure in Fig. 6 shows the measured developments of the cyanobacteria by chlorophyll content for the cases with and without fins (Re = 4000) in comparison with the case without rotation (with fins), where the position of the aeration is r/d = 0.5. The cultivation was continued until the development of the algae was relatively slower to perform experiments with as many parameters as possible. The figure presents that the content can be developed to a higher concentration by mixing. Figure 7 shows the slope at the inflection point of the curve of the development of cyanobacteria, which indicates the growth rate. It is shown that the growth rate becomes more intense by mixing and attaching the fins to the inner cylinder. There are two possible reasons for the higher growth rate by mixing. One of the reasons is that the mixing induces the radial and circumferential movements of the cyanobacteria and the time integration of light for the cyanobacteria is likely to be uniform, which can prevent the oversaturation and shortage of light. The other one of the possible reasons is the increase of the time taken for the floating of the bubbles as mentioned before. As the time increases, the CO 2 in the bubbles becomes more likely to dissolve into the suspensions and the cyanobacteria have a greater chance to absorb CO 2. The right figure of Fig. 6 shows the effects of the position of the aeration on the development of the cyanobacteria. The cyanobacteria can be developed to a higher concentration at r/d = 0.8 (with the fins, Re = 4000) in comparison with the case at r/d = 0.5. Moreover, Fig. 7 shows that the growth rate is the highest at this case (Re = 4000, with fins, r/d = 0.8) in all of the cases presented in this paper. As mentioned in subsection 3.2, the time taken for the floating of the bubbles becomes longest in this case. These results also indicate that increasing the time for the floating of bubbles of aeration contributes to higher productivity of the biomass. To show the effects of the fins and the inlet position of aeration more clearly, experiments with longer duration time and more inlet positions are required. However, the results obtained in this research are believed to indicate the importance of the shape of cylinder and the way of aeration in the design of the bioreactor with a Taylor vortex flow. 
Conclusion
In order to clarify the effects of the behaviors of the bubbles of aeration on the productivity of the biomass, experiments including cultivation of cyanobacteria and computation were performed utilizing a bioreactor with a Taylor vortex flow in the annular gap of concentric cylinders. Attaching spiral fins to the inner cylinder induces a large-scale vortex in the annular gap instead of the original three vortical structures induced in the case of the simple circular inner cylinder. The downward velocity induced by the large-scale vortex in the region close to the outer cylinder makes the time taken for the floating of bubbles longer when the aeration is performed at the position close to the outer cylinder. At this condition, the cyanobacteria were found to have developed to a high concentration and that the growth rate was also high in the present experiment. These results indicate that the behaviors of the bubbles of aeration are related to the productivity of the biomass.
